Abstract
Introduction
The quality assurance section of ISO/IEC 17025 stipulates the requirement for ensuring; i) that a single analyst within a laboratory is able to consistently reproduce the same result on the same sample, ii) that the result produced by this analyst should reflect the result that would have come from any other analyst in the laboratory and iii) that any results from the India, Vol. 26, No.2, 2011; pp. 133-151 REPORT laboratory as a whole should reflect the results that are agreed upon by many other laboratories. It is due to this reason that the internal and external quality control (QC) and quality assurance (QA) clauses exist within ISO/IEC 17025.
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Although, the precise way of going about proving the consistency and the reliability of the results is not prescribed in ISO/IEC 17025, the accreditation bodies have built some prescriptive clauses into their requirements to try to facilitate meeting the requirements of ISO/IEC 17025 in an effective manner. An externally provided PT program is a useful tool in meeting the requirements of ISO/IEC 17025. However, participating in an external PT program will not necessarily mean that all quality assurance aspects have been met [1] [2] [3] .
Proficiency testing is used by the accreditation body as part of the assessment processes, to evaluate the technical competence and ability of the laboratories to carry out tasks for which its accreditation has been applied for / granted. This test is a complement of the laboratory assessment carried out by technical experts in situ. It is also mandated by accreditation bodies that laboratories participate in the PT exercises for all types of analyses undertaken in that laboratory, when suitable exercises exist.
To meet the requirements of MRA [1] , ISO/IEC 17025 [2] and APLAC MR001 [3] , the NABL has conducted several PT experiments in pressure metrology in the pressure range (7 to 70) MPa amongst the NABL accredited Indian pressure calibration laboratories in conformity with ISO/IEC Guide 43 [4] through the NMI of India i.e. NPLI, which also acted as a reference laboratory.
In a series of 7 PTs organized, the 1st PT, designated as NABL-Pressure-PT001 was organized for 7 laboratories, having measurement capabilities better than 0.05% of full scale pressure using dead weight tester as an artifact [5] . The (2nd and 5th) PTs i.e. NABL-Pressure-PT002 and NABL-Pressure-PT005 were conducted for another 7 and 21 laboratories, having measurement capabilities coarser than 0.05 % and better than 0.25% of full scale pressure using digital pressure calibrator [6] [7] . The (3rd and 6th ) PTs i.e. NABL-Pressure-PT003 and NABL-Pressure-PT006, included (11 and 17) laboratories, respectively having measurement capabilities 0.25% or coarser than 0.25% of full scale pressure using pressure dial gauge as an artifact [8] [9] . Similarly, another PT experiment i.e. NABL-Pressure-PT007 was carried out for 14 laboratories having measurement capabilities 0.25% or coarser than 0.25% of full scale pressure using pressure dial gauge as an artifact in the pressure range (6 to 60) MPa [10] [11] .
The final PT experiment, designated as NABLPressure-PT004, is recently completed during April 2010. This PT programme is designed and organized in the hydraulic pressure region covering pressure range (7 to 70) MPa (70 to 700) bar using the pressure balance as transfer standard. Initially, 10 NABL accredited pressure calibration laboratories participated and finally 9 laboratories submitted their results.
Objectives
The main objectives and benefits of PT to participating laboratories are; i) the participating laboratory fulfills the requirements of ISO/IEC 17025 in the area of proficiency testing, from both interlaboratory and intra-laboratory standpoints, ii) The laboratory ensures the competence and capabilities of the staff involved in the measurements, iii) The laboratory collects the information that can assist in future planning for equipment upgradation and staff training and iv) identification of any difficulties with methodology, instrumentation, results and training needs. It also supplements laboratory's own quality control procedures by providing additional external audit and also provides objective evidences that a laboratory is competent enough and can achieve the level of uncertainty for which accreditation is granted. This exercise gives an opportunity to accredited calibration laboratory to demonstrate its technical competence of routine calibration services rendered to customers and to have the measurement traceability to the NMI.
Methodology
The PT programme is designed as per guidelines stipulated in ISO/IEC 17025 [2] , ISO/IEC Guide 43 [4] and NABL-162 [12] . A high precision pressure balance, Model No.-YW 1305, YANTRIKA, Sl. No.-REB 095, make Ravika Engineers, New Delhi was used as transfer standard for this comparison. The detailed 'Technical Protocol' (TP) of the programme was prepared and circulated to all the participants containing the information about the artifact, calibration procedure, environmental conditions to be maintained, calculation of the results, procedure for reporting of the results etc. The entire measurement pressure range of (7 to 70) MPa was divided into 10 arbitrarily chosen measurement points of (7, 10, 15, 20, 25, 30, 40, 50, 60 and 70) MPa to accommodate at least 5 measurement points for each participant.
The programme had run smoothly and almost all the participants performed their measurements well in time. The whole circulation programme was completed in two loops. After completion of the first loop, the artifact reached NPLI, New Delhi at the end of December, 2009. During its inspection and characterization, it was observed that the system had problems of leakage and some bad handling. The artifact was then sent for repair and overhauling to its manufacturer. This process of repair took almost 10 months time to start the second loop. Since, there was no problem with the piston and cylinder assembly of the transfer standard, the data taken before and after the repair was well within the reported measurement uncertainty. It was recalibrated at NPLI, New Delhi and then dispatched for the circulation of the second loop. There was no technical problem, fault, snag or difficulty reported by any of the participants. Schematic diagram of the movement of the artifact is depicted in Fig. 1. 
Characterisation of the Artifact and Assigning Reference Values
The characterization of the artifact was performed thrice, first at the start of the programme during Calibration of the individual mass values of the each dead weight and piston assembly of the artifact was performed at Mass Metrology Section of NPLI, New Delhi against the national standards of mass and balances. After mass calibration, pressure characterization of the artifact was performed using the well-established and internationally accepted method of 'cross-floating' of pressure balances. The artifact was connected with national hydraulic secondary pressure standard, designated as NPL100MPN for cross floating measurements as discussed elsewhere [13] [14] [15] [16] . In a cross-floating position, the two gauges were considered to be in balance when the sink rate of each of the piston was normal for that particular pressure. At this position, there was no pressure drop in the connecting line and consequently no movement of the fluid. This procedure was repeated for all the 10 pressure points i.e. (7, 10, 15, 20, 25, 30, 40 , 50, 60 and 70) MPa and observations were repeated six times, three times each in increasing and decreasing orders of pressures, for each pressure point. The traceability of the NPL100MPN is established by cross-floating it against national primary pressure standard [17] [18] [19] [20] . The NPL100MPN has also participated in several key comparison exercises, APMP.M.P. K7 [21] , CCM P. K7 [22] and APMP-SIM.M.P. K7 [23] . The values of the pressure generated, the effective area, repeatability and the expanded uncertainty were computed using the computer softwares developed for this purpose [24] [25] . The least square curves were fitted to know the most probable values of the zero pressure area (A 0t ) and the distortion coefficients (λ t ) alongwith their standard deviations [26] .
The pressure measured by laboratory standard (LS) was calculated using the following equation;
The term (l-ρ air /ρ mi ) is the air buoyancy correction for weights, γC is the force exerted on the piston by surface tension of the transmitting fluid, [1 + (α c + α p ) (T -T r )] is the thermal expansion correction factor, the term (1+λp n + λ'p n 2 ) describes the change of the effective area with pressure which is the most important correction term. The various terminology used in the equation are defined as follows; 
The head correction term is
where H is the difference in height (in m) between the reference levels of the two dead weight testers and (ρ f ) is the density (in kg/m 3 ) of the pressure transmitting fluid used in the measurements..
The temperature corrected forces F (in N) acting on the artifact, referred as Test herein thereafter, is calculated using the expression;
where m it mass (in kg) of the ith weight combination placed on the artifact, 
The data thus obtained is recorded at different pressure points and observations were repeated six times on each pressure point. The pressure measured by LS is then least square fitted against the effective area of Test to determine the value of A 0t (zero pressure effective area) and λ t (distortion coefficient) of the Test. The measurement uncertainties in both the ranges are computed as per guidelines available in the literature [25] [26] [27] [28] [29] . The characterized values of the pressure measured using Eq. (1), the effective area calculated using Eq. (4), and the deviations from the average values are plotted in Fig. 2 and data are given in Table  1 . The measurement uncertainties of the A 0t and λ t are estimated from the standard deviations of the A 0t and λ t obtained from the least square fitting method. The uncertainty budget for a maximum pressure of 70 MPa is shown in Table 2 . The denominator in Eq. (2) 
The reference values of the pressure measured ( ) 
The effective area A p of the Test is plotted as a .
The effective area A p is also plotted as a function of applied pressure p. The values of the zero pressure effective area, A 0t and the distortion coefficient, λ t of the Test, determined through least square fitting are also shown in Table 1 for all the three calibrations. The deviation of average value of A 0t are found to be well within 37 × 10 -6
. Thus the deviations of A p and A 0t are found well within the standard uncertainty of the artifact estimated as 72 × 10 -6 and shown in Table  2 as detailed uncertainty budget. This suggests that the metrological parameters of the artifact remained stable and well within the estimated uncertainty budget of the artifact during the whole comparison period.
Each, participating laboratory was assigned a random code number and only these code numbers are used in this paper. As per NABL policy, the details of these code numbers are not divulged herein. However, these code numbers were reported to NABL, separately. However, the Code number assigned to reference laboratory, NPLI, is '1'.
Experimental Setup and Calibration Procedure
All the laboratories were advised to install the experimental set-up as shown in Fig. 3 . Usually, laboratory standard (LS) and the artifact were leveled using the leveling screws and the sprit level. The necessary weights were placed on the carrier of the NPL100MPN and adjusted as per the values of the pressure generated by the artifact. This is repeated several times so that the error due to the adjustment of the weights is minimized. Sufficient time, approximately 30 min, was provided between two successive observations so that both the systems are in complete equilibrium. Participants were instructed to place the necessary weights on the carrier of the LS so that the values of the pressure generated by piston plus carrier plus weights loaded are equal to the measurement points equalizing the pressure with pressure generated by the artifact. This process is called Cross Floating of pressure balances [13] [14] [15] 25] . During the cross floating, both the gauges are connected directly. The pressure balances are considered to be in balance when sink rate of each of the piston is normal for that particular pressure. At this position, there was no pressure drop in the connecting line and consequently no movement of the fluid. About 10 min time was provided between two successive observations to allow the system to return to equilibrium and 5 min time was sufficient to repeat the observations. A waiting time of 10 min was given Fig. 3 . Experimental setup for the measurement using dead weight tester as an artifact (root mean square of sum of squares all the uncertainty components evaluated through Type A method and stability of zero pressure effective area A 0t )
The total relative standard uncertainty evaluated through Type B method = 3.58 x 10 -6
(root mean square of sum of squares all the uncertainty components evaluated through Type B method)
The relative standard uncertainty of the standard used in the measurements = 70.0 x 10
The combined relative standard uncertainty (at k = 1) = 72.0 x 10 -6
after taking the reading at maximum pressure range i.e. 70 MPa to start the observations in decreasing pressure order of pressure. This procedure was repeated for 10 pressure points (7, 10, 15, 20, 25, 30, 40 , 50, 60 and 70) MPa, selected for the present comparison and observations were repeated six times (3 times each in increasing and decreasing order) for each pressure point and the values of the pressure generated, the repeatability and the expanded uncertainty were computed.
Data Compilation and Analysis
All the laboratories were advised to submit their measurement results within a month after completion of the measurements. Laboratories were also asked to submit the copies of the calibration certificates for the LSs used in the measurements, calculation sheet for determining the uncertainty in measurements and the calibration certificate issued to the customer for such measurements. The values of the measured pressure, acceleration of local gravity and the reference temperature reported by the participants are shown in Table 3 . The following corrections were applied before compiling and comparing the results;
Gravity Correction
The measured pressure values reported by the laboratories are corrected for g NPL = 9.7912393 m/s 2 (acceleration of gravity at NPLI, New Delhi) using the following relationship; p corr = p rep * (g NPL / g LAB ) [9] where p corr and p rep are the values of the corrected and the reported pressure, respectively and g LAB is the value of the acceleration of gravity reported by the laboratory.
Temperature Correction
The measured pressure values reported by the laboratories were also corrected for the temperature at 23 0 C using the following formula;
where, p' is the final corrected pressure, α' p , α' c and T LAB are the thermal expansion coefficients of piston, thermal expansion coefficients of cylinder and the reference laboratory temperature, respectively, reported by the laboratory.
Estimation of Normalized Error (E n )
The measurement performance of the laboratory was assessed on the basis of normalized error (E n ) number of each measurement. The E n values are estimated for each participant at each pressure using the equation [4] [5] 30] ;
where p' is the participant's measured pressure value, p R is the reference pressure value, U(p') is the participant's claimed expanded uncertainty at a coverage factor k = 2 and U(p R ) is the expanded measurement uncertainty of the reference value at a coverage factor k = 2.
Results
Details of the values of measured pressure (p rep ) and other metrological characteristics of the laboratories standards reported by the participants are shown in Table 3 . However, the details of the corrected pressure (p') for gravity (g NPL ) and at 23 0 C are shown in Table 4 , the deviations from the reference value (p R ) in (kPa) in Table 5 . The measured pressure values, the associated uncertainties and calculated E n values for individual pressure points are depicted in Figs. 4 (a)-(k) .
In general, the performance of the laboratory is considered satisfactory if normalized error E n is inside ± 1. The plots shown in Figs. 4 (a) to (k) reveal that there were total 87 measurement results. Measurement results of 5 laboratories out of total 9 laboratories were found well within acceptable limits of the normalized error over the entire pressure range of (7 to70) MPa. Results of the two other laboratories were also within acceptable limit except one pressure points of 40 MPa. The E n values of 68 measurement results out of the total 87 were found well within ± 1, which is 78.2%. These results are acceptable. The E n values of the laboratory referred as Code No. 6, were > 1 at all the measurement points. An E n value greater than unity means that there is a significant bias in the laboratory's results and that the quoted value of its associated uncertainty does not adequately accommodate that Fig. 4 (k) showing the summary of the normalized error value (E n ) as a function of measured pressure (p') for each laboratory. The gap between two horizontal dotted lines shows the acceptable limit of the normalized error value (k) bias and need further investigations at the part of the laboratory.
The larger the absolute value of the E n number, the bigger the problem. The graphical representations in Figs. 4 (a) to (k) give the agreement between the participating laboratories and the reference laboratory. The results lying within the uncertainty band of the reference laboratory is an indication of the satisfactory results without any bias in the measurement. It is clearly evident from these plots that the deviations between the laboratories values and the reference values are well within the uncertainty bands of the reference values for 68 measurements points.
The bias in the measurements may be due to the errors in the measuring instrument or the estimation / measurement of local acceleration of gravity, the values of thermal expansion coefficients of piston and cylinder materials reported and used by the laboratory and under the estimation of the measurement uncertainty. The management of Laboratory with Code No.-6 is required to rectify the problems by a review of their uncertainty calculations and other systematic affects as mentioned above. 
Discussion and Suggested Corective Actions
Although all the participating laboratories were asked to submit the copy of the formal calibration certificate issued to the customer and traceability certificates of their standards, only 4 laboratories have submitted the copies of the formal calibration certificates of the dead weight tester (artifact, in the present case) while traceability certificates were submitted by only 5 laboratories. The seriousness to follow the instructions given in TP was found lacking as only 3 laboratories with Code numbers 3, 4 and 6 submitted both of these required documents. Laboratories with code numbers 2 and 10 even did not bother to submit any of such formal certificates. The certificates thus obtained were examined and found adequate except that there was little uniformity in the calibration certificates issued by the participants, especially in reporting the measurement results. Most of the laboratories submitted their measurement results in time. All the laboratories prepared their 'Uncertainty Budget' as per instructions given in the TP. Some of the laboratories reported better measurement uncertainties then the measurement uncertainties of the reference laboratory.
As mentioned in Section 5, the E n numbers greater than unity require investigations and corrective action by the participating laboratory. The laboratory's management needs to ensure that the problem is rectified and procedures are put in place to prevent a recurrence. Laboratories with Code Nos. 4 and 6 need to review their results and take appropriate corrective actions. These laboratories are advised to improve their calibration facilities / modify the measurement method.
Conclusion
An interlaboratory comparison programme (proficiency testing) is carried out in the pressure range 7 -70 MPa using dead weight tester as an artifact. Total number of 9 NABL accredited laboratories participated in this programme. The comparison was performed at 10 pressure points selected arbitrarily throughout the entire pressure range. The proficiency testing concludes that out of Fig. 7 . Combined expanded measurement uncertainty U c (p R ) estimated for each laboratory in this comparison the total 87 measurement results reported here in this report, 68 (78.2%) are in agreement with the reference laboratory. The results of 5 laboratories out of the total 9 are acceptable and well within their reported expanded uncertainty at a coverage factor k = 2 throughout the entire pressure range. Two other laboratories also have acceptable results except one pressure point. These results are quite encouraging in the country. However, after taking the appropriate corrective actions by the participant laboratories, we expect that the performance of the laboratories with Code Nos. -4 and 6 would certainly improve. These laboratories may reassess their measurement capabilities by participating in the future PT programme in this area.
